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E-mail address: donald.wiegand@us.army.mil (D.AThe mechanical properties of a polymer composite plastic bonded explosive, EDC37, have been investi-
gated as a function of hydrostatic conﬁning pressure between 0.1 and 138 MPa. The results indicate dif-
ferent failure processes in two pressure ranges, a low pressure range between about 0.1 and 7 MPa and a
higher pressure range between about 7 and 138 MPa. In the low pressure range slow crack processes are
important in failure while in the higher pressure range plastic ﬂow dominates. The pressure dependence
of the compressive strength in the low pressure range is attributed to coulomb friction between surfaces
of closed shear cracks and from the observed linear increase of the strength with pressure and the angle
of the fracture plane a friction coefﬁcient is obtained. Friction coefﬁcients can also be obtained from the
ratio of the compressive to tensile strength and directly from the above angle. The friction coefﬁcients
obtained from these separate observations are in agreement and this is taken as strong evidence for
the importance of this friction in determining strength and mechanical failure. These results clearly
establish experimentally the role of friction in determining strength with or without applied pressure.
An empirical relationship between strength, pressure and strain rate is also obtained for this pressure
range and the failure strength of EDC37 is more sensitive to pressure than strain rate.
Published by Elsevier Ltd.1. Introduction
Explosives and propellants are often used under conditions of
conﬁnement and pressurization. Explosives are conﬁned in projec-
tile cases and are pressurized, during launch by set back forces and
during impact by set forward forces. Propellants are conﬁned by
the breech and are pressurized by hot gasses during burning. Be-
cause of these pressurizations the properties of explosives and pro-
pellants under conﬁnement are of interest. The mechanical
properties under pressure are needed for both prediction of ener-
getic material behavior through modeling and speciﬁcally for
safety considerations. Engineering models require material proper-
ties data with changing strain rate and pressure for their parame-
terization and validation. From a safety standpoint, under some
circumstances, fracture or yield during the use of explosives can
lead to unwanted and hazardous ignitions (Howe et al., 1985; Frey,
1985; Coffee, 1985; Heavens and Fields, 1972). The fracture of pro-
pellants during burning can lead to hazardous burning conditions
(See Nicolaides et al., 1982). Understanding cracking and yield in
explosives is therefore fundamental to their engineering perfor-
mance and safe use. Because of these considerations a program
has been initiated to study the mechanical properties of theseLtd.
RDEC, Picatinny, NJ 07806-
69.
. Wiegand).materials under hydrostatic pressure (Wiegand, 2000a,b; Wiegand
and Reddingius, 2003, 2005a,b) for quasi-static conditions.
The results presented here indicate two pressure ranges in
which the mechanical failure properties differ, a low pressure
range between about 0.1 and 7.0 MPa and a higher pressure range
between about 7.0 and 138 MPa. The damage processes which oc-
cur in both pressure ranges are considered, with greater emphasis
on the low pressure range.2. Material and methods
A high pressure chamber designed to contain pressures up to
138 MPa was used to study the compressive mechanical properties
as a function of conﬁning pressure (Wiegand, 2000b). Hydraulic oil
was used as the conﬁning medium and the sample in the form of a
right circular cylinder was protected from the oil by a tight ﬁtting
tubular gum rubber or neoprene shroud. A sketch of the sample,
shroud and sensors is given in Fig. 1. The ends of the sample were
against steel platens and O-ring seals were used to prevent oil from
reaching the sample. The conﬁning pressure is taken here as the
chamber hydrostatic pressure before the start of and/or during ax-
ial compression. In all cases the pressures referred to here are this
hydrostatic pressure. The chamber pressure was determined using
a SENSOTEC pressure gauge, model JTE/1108-03, calibrated by the
manufacturer and mounted at the base of the chamber. In addition,
a McDaniel Controls dial pressure gauge was mounted at the
Fig. 1. Sketch of sample, shroud and LVDT sensors. Top – side view; Bottom – end view.
Table 1
Composition of composites discussed
Name Explosive/Inert
Crystal component
Binder TG (C)
Polymer Plastizer
EDC37 HMX NC DNEB/TNEB 63
91% 1.0% 5.22%/2.78%
PAX2A HMX CAB BDNPA/F 37(a)
85% 6% 9%
PBS 9501 SUCROSE ESTANE BDNPA/F 41(B)(b)
94% 3% 3%
PBX 9501 HMX ESTANE BDNPA/F 41(B)(b)
95% 2.5% 2.5%
PBX 9502 TATB KEL F 800 +30(B)(b)
95% 5%
LX-14 HMX ESTANE
95.5% 4.5%
PBX 9404 HMX NC(d) CEF 34(c)
94% 2% 3%
Nomenclature: HMX - Cyclotetramethylene tetranitramine. NC - Nitrocellulose.
DNEB – Dinitroethylbenzene, TNEB – Trinitroethylbenzene. CAB – Cellulose Acetate
Butyrate. BDNPA/F-Bis (2,2-Dinitropropyl) Acetal/Formal. Estane - Polyurethane.
CEF – Tris (beta chlorehtyl) phosphate. KEL F 800 – Chlorotriﬂoroethlene/vinyidine
ﬂoride copolymer. TATB – 1,3,5 Triamino-2,4,6 trinitrobenzene.
B – Property of the Binder (a) Harris, 1994; (b) Flowers, 1992; (c) Dobratz and
Crawford, 1985; (d) Also contains ethyl centralite.
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made in air.
The samples were compressed along the cylindrical axis and
two LVDT’s (linear voltage displacement transducers) were
mounted to measure axial strains. They were spaced 180 apart
around the circumference of the sample with their axes parallel
to the sample axis as shown in Fig. 1. The sample axial strain
was taken as the average of the strains obtained from the two
LVDT’s. Two or three additional LVDT’s were mounted to measure
radial strains also as shown in Fig. 1. They were placed in a plane at
the sample axial mid position with their axes perpendicular to the
sample axis. They were also 180 (or 120 for three radial LVDT’s)
apart around the sample circumference.
Axial stress versus axial strain data in compression were ob-
tained using the above chamber and an MTS servo-hydraulic sys-
tem operated at a constant displacement rate (Wiegand et al.,
1991; Pinto et al., 1985). All work presented was carried out at
strain rates of approximately 0.0005/sec. and 0.001/sec with the
exception of results explicitly measured as a function of strain rate.
The right circular cylinder samples were 3.81 cm (1.50 inch) in
length and 1.90 cm (0.75 inch) in diameter and had a length to
diameter ratio of two. The end faces of all samples were lubricated
to minimize frictional effects between the sample end faces and
the loading platens. The sample temperatures during measure-
ments were between 20 and 23 C and samples were conditioned
at temperature for at least two hours before measurement. The
dimensions of all samples at 0.1 MPa (atmospheric pressure) were
used to obtain engineering stress and engineering strain.
All of the measurements reported here were made with samples
of EDC37, a UK plastic bonded explosive (PBX). The composition of
this explosive is given is Table 1 alongwith the compositions of sev-
eral similar materials which are referred to in this paper. Samples
were prepared by pressing into large billets and machining to size.
Precautions were taken to insure that the cylinder end faces wereadequately ﬂat and parallel (Wiegand, 1998). The densities of all
samples were in a narrow range close to the maximum theoretical
(zero porosity) values. The densities of most samples were deter-
mined before and after compression by weighing in air and in puri-
ﬁed water and by using the density of water at the temperature of
measurement. All sensors were calibrated by the manufacturer or
calibrated against standards providedby themanufacturer. It is esti-
mated that variations fromsample to sample in anymeasuredquan-
tity are signiﬁcantly greater than errors introduced by the sensors or
errors introduced during data processing.
Fig. 3. Compressive strength versus pressure in the low pressure range for two
strain rates.
Fig. 4. Compressive strength versus log (strain rate) for two pressures in the low
pressure range.
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The low pressure range between 0.1 and 7 MPa is referred to
herein as range I and the higher pressure range, between 7 and
138 MPa, as range II.
In Fig. 2 axial stress versus axial strain curves for EDC37 are given
for several conﬁning pressures in range I. The pressures are as
marked. The curve at atmospheric pressure (0.1 MPa) has the typi-
cal response of many energetic materials at this pressure and
temperature. i.e., an initial linear increase of stress, a maximum
stress followed by work softening (decrease of stress) with increas-
ing strain (Pinto et al., 1985; Wiegand et al., 1994; Wiegand, 1995;
Wiegand, 1998). Available evidence indicates that the deviation
from linearity after the initial linear region, the maximum and the
work softening are associated with crack damage (Dienes, 1998; El-
lis et al., 2005). Acoustic emission results suggest that some crack
damage is generated throughout the stress–strain curve during
unconﬁned compression (Ellis et al., 2005). Evidence of surface
cracking is observed for most samples deformed into the higher
strain parts of the work softening region at atmospheric pressure.
Both the initial slope and the maximum stress increase with
increasing pressure while the negative work softening slope de-
creases with increasing pressure and is close to zero at a pressure
of 6.9 MPa. The latter result suggests that either crack damage de-
creases with increasing pressure and is negligible at 6.9 MPa or
that crack damage is generated but that other factors prevent the
work softening from being observed. Somewhat similar results
have been obtained for PBS 9501 (Wiegand and Reddingius,
2005a).
The compressive strength, the maximum compressive stress, is
given versus conﬁning pressure at two different but constant strain
rates in range I for EDC37, in Fig. 3. Straight lines have been ﬁtted
to the data points. The results indicate linear increases of the com-
pressive strength with increasing pressure at constant strain rate
with slopes independent of strain rate. Additional more limited re-
sults (not shown) suggest that the slopes are independent of strain
rate over the range of rates covered in this paper (see Fig. 4). The
intercepts however increase with strain rate. More limited results
for PBS 9501 also indicate a similar increase of the compressive
strength with increasing pressure. The results of Figs. 2 and 3 indi-
cate that crack processes are inhibited by conﬁning pressure, i.e.,
the stress required at any strain to cause crack damage increases
with increasing conﬁning pressure.
In Fig. 4 the strain rate dependence of the compressive strength
is given at constant pressure for two pressures, 0.1 and 6.9 MPa, in
range I and straight lines have been ﬁtted to the data points at each
pressure. The results indicate linear increases of the compressiveFig. 2. Axial stress versus axial strain for pressures in the low pressure range.strength with the log of the strain rate at both pressures. The re-
sults further indicate that the slopes of the straight lines ﬁtted to
the two sets of data are the same at both pressures. Similar conclu-
sions can be drawn for other data sets at intermediate pressures
(not shown). Thus, the results suggest that the same processes take
place over the range of pressures of range I, i.e. 0.1–7.0 MPa.
In summary the data of Figs. 3 and 4 and other results as dis-
cussed above indicate that the compressive strength increases lin-
early with pressure at constant strain rate with a slope that is
independent of strain rate. Further, the compressive strength in-
creases linearly with the log of the strain rate at constant pressure
with a slope that is independent of pressure. These linear relation-
ships hold for pressures in range I and strain rates between
0.00005/sec and 0.1/sec. These results can be described approxi-
mately by the empirical relationship
Compressive Strength ¼ 2:11 Pþ 1:56 LogðStrain RateÞ þ 11:2:
ð1Þ
The compressive strength and the pressure P are in MPa and the
strain rate is in units of strains per sec. The slopes of Eq. (1) have
been taken as average values from curves of Figs. 3 and 4 and other
data not shown.
It is also to be noted that because the strength increases linearly
with pressure but linearly with the log of strain rate with about the
same slopes (see Figs. 3 and 4 and Eq. (1)), the strength is more
sensitive to pressure than strain rate. In other words, a greater
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the pressure than the change in strength because of the same frac-
tional change in strain rate. This is exempliﬁed by the data of Figs. 3
and 4. From Fig. 3 the strain rate is increased by a factor of about
200 to give a relatively small increase in the strength compared
to the larger strength increase of Fig. 4 for a pressure increase of
a factor of 69.
Sufﬁcient data is not available to determine the strain rate
dependence of the strength in the high pressure range (range II)
for EDC37. However, data is available for LX-14 at pressures of
0.1 MPa and 69 MPa (Wiegand and Reddingius, 2005a), i.e., pres-
sures in ranges I and II. Plots similar to Fig. 4 for LX-14 for these
two pressures indicate linear increases of the compressive strength
at 0.1 MPa and the ﬂow stress at 69 MPa with the log of strain rate
with slopes that differ by about 14%. Thus limited data indicates
that the strain rate dependence is about the same in the two pres-
sure ranges for LX-14 and so the two pressure ranges are not differ-
entiated by strain rate.
The strength being a greater function of pressure rather than
strain rate infers that slow crack propagation is slowed or stopped
more readily by conﬁning pressure. This ﬁnding has since been ex-
tended (Leppard, 2008) into an explosive engineering model at
drop or bullet impact strain rates (102–104/s), since the strain rate
dependence of strength is secondary to the inﬂuence of pressure.
For a projectile impacting onto an explosive the pressure on the
front of the projectile is a function of penetration depth, which is
in turn a function of material strength. The subsequent violent
reaction of the high explosive (HE) is partly dependent upon the
pressure (Vigil, 1999). Being able to predict the degree of violence
of high explosive reactions for a given event is desirable for risk
assessments and a goal for computational models. The dependence
of EDC37 strength on pressure and subsequently the link to High
Explosive Violent Reaction (HEVR) has now been established for
material modeling purposes.
In Fig. 5 axial stress versus axial strain curves for EDC37 are gi-
ven for conﬁning pressures in range II. The pressures are as marked
on the ﬁgure. The curves at 0.1 and 6.9 MPa are in range I and are
repeated from Fig. 2 for reference. The results of Fig. 5 indicate that
for pressures in range II the initial slope increases with increasing
pressure as it does in range I. The slope at larger strains, the work
hardening slope, also increases with increasing pressure (Wiegand,
2000a,b; Wiegand and Reddingius, 2005a). In addition, the yield
strength determined by a strain offset technique increases with
increasing conﬁning pressure (see Fig. 5) (Wiegand, 2000a,b;
Wiegand and Reddingius, 2003, 2005a,b). The results of Figs. 2
and 5 indicate, therefore, that there is a transition from aFig. 5. Upper three curves – axial stress versus axial strain for three pressures in the
higher pressure range. Lower two curves – axial stress versus axial strain for two
pressures in the low pressure range, repeated from Fig. 2.maximum stress followed by work softening in the low pressure
range (range I) to yield followed by work hardening in the higher
pressure range (range II). A similar transition from work softening
to work hardening has been observed in rock (Serta, 1961).
Because work softening is not observed in range II and further
because no evidence of surface cracking is found for samples com-
pressed in this pressure range, it is tentatively concluded that crack
processes are not signiﬁcant at higher pressures and that primarily
plastic ﬂow takes place. After compression of samples in range II
the samples as examined at atmospheric pressure exhibit evidence
of plastic deformation, i.e., they are uniform right circular cylinders
as before compression but have reduced lengths and increased ra-
dii and so permanent longitudinal and radial strains as shown in
Fig. 6, top. Thus, there is a transition from a brittle like behavior
at low pressures to a ductile behavior at higher pressures. Results
similar to the results of Fig. 6 in the higher pressure range have
been obtained for PBS 9501, PBX 9501, LX-14 and PAX 2A (Wie-
gand and Reddingius, 2003; Wiegand et al., 2008a,b). Possible
mechanisms for range II are considered later in Section 4.2.
In Fig. 7 the strength is given versus conﬁning pressure. The
compressive strength versus pressure data of Fig. 3 is given in
range I (0.1–7 MPa) and the yield strength as determined by a 2%
strain offset technique is given versus pressure in range II (7–
138 MPa). The 2% offset yield strength and the compressiveFig. 6. Top right – photograph of a sample compressed at a pressure in the higher
pressure range. Bottom right– photograph of a sample compressed in the low
pressure range. Both top and bottom left – reference samples of the same
dimensions as the deformed samples before deformation.
Fig. 7. Axial strength versus pressure for both pressure ranges. The solid circles on
the far left are for compressive strength in the low pressure range repeated from
Fig. 3. The squares are for the yield strength in the higher pressure range. The
straight line is ﬁtted to the higher pressure range points only.
Fig. 8. The modulus taken as the initial slopes of the axial stress versus axial strain
curves versus pressure.
Fig. 9. Work softening/work hardening slopes versus pressure.
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the strength is increased with increasing pressure in both pressure
ranges. Improvements in the strength with increasing pressure
have been found for polymers composites and other materials
(Pae and Carlson, 1998; Hine et al., 2005; Shin and Pae, 1992;
Zinoviev and Tsvetkov, 1998; Rabinowitz and Ward, 1970;
Lankford et al., 1998; Paterson, 1970). Although there is consider-
able scatter in the yield strength data of Fig. 7 in range II a straight
line has been ﬁtted to the yield strength results versus pressure
(see Eq. (2)) for comparison with the slope of the compressive
strength versus pressure in range I (see Fig. 3). Because of the scat-
ter in yield strength results (see Fig. 7) Eq. (2) is very approximate.
Yield Strength ¼ 0:0481 Pþ 19:1: ð2Þ
There is a large difference in the slopes given in Figs. 3 and 7, i.e., the
curve of compressive strength versus pressure of Fig. 3 in range I
has a slope of about 2 while the slope of the yield strength versus
pressure of Fig. 7 in range II has a slope of about 0.05. These results
indicate that pressure is much more effective in inhibiting crack
processes than in inhibiting plastic ﬂow. Results for PBS 9501,
PBX 9501, and LX-14 also indicate that the pressure dependence
of the strength is much stronger in the low pressure range than in
the higher pressure range (Wiegand and Reddingius, 2005a).
Pressure also has a much stronger effect on other parts of the
stress strain curve in range I compared to range II. In Fig. 8 the
modulus taken as the initial slope of the stress strain curve and
in Fig. 9 the work softening/work hardening slopes are given ver-
sus pressure for both pressure ranges. The work softening slope
is taken as the maximum negative slope in the work softening
range (Fig. 2) while the work hardening slope is taken as the slope
at larger strains in the work hardening range (Fig. 5) of the stress–
strain curves. Although there is considerable scatter, particularly in
the modulus data, it is clear from these ﬁgures that, similar to the
compressive strength and the yield stress, both the modulus and
the work softening/work hardening slopes are much more sensi-
tive to pressure in range I than in range II. Because of scatter in
the initial parts of the stress strain curve the modulus is taken as
the slope of a straight line from the origin to a point on the curve
at a strain of 0.007. This modulus has a pressure dependence that is
very similar to that of the strength as given in Fig. 7. However,
there is too much scatter in the data, particularly in the modulus,
to determine if there is a unique and simple relationship between
these two quantities (Wiegand, 2003). The pressure dependence of
the modulus and the work softening/work hardening slope will be
discussed elsewhere (Wiegand et al., 2011).The data presented in Figs. 3, 4, 7, 8 and 9 were taken from engi-
neering stress–strain curves. The initial slope, the modulus, and the
strength as obtained from engineering stress strain-curves are not
expected to differ signiﬁcantly from values obtained from true
stress–strain curves. While, the work softening/work hardening
slopes are dependent on whether the slopes are taken from engi-
neering or true stress–strain curves, the trend of the pressure
dependence of these slopes is not expected to be strongly depen-
dent on which type of curve it is obtained from. One exception
to be noted is the engineering stress strain curves at 6.9 MPa in
Figs. 2 and 5 which do not indicate signiﬁcant work softening or
work hardening, but do indicate work softening when corrected
to a true stress strain curve (not shown). This occurs at about the
boundary between regions I and II, Unfortunately the data, espe-
cially in the low pressure region, are not suitable in most cases
for calculating true stress–strain curves because of anomalous ra-
dial strain results due to surface barreling (see Fig. 6, bottom).
After compression in range I the samples are barreled, i.e., the
diameters at the sample mid plane are greater than the diameters
at the sample ends as shown in Fig. 6, bottom. For the EDC37 sam-
ple in Fig. 6 bottom the ratio of the diameter at the mid section to
the diameters at the ends is 1.1. This ratio may be taken as a mea-
sure of the barreling effect. For the EDC37 sample in Fig. 6 top
which was deformed in range II this ratio is 1.0, i.e. there is no bar-
reling. However, in all cases there is an increase in the sample aver-
age diameter and a decrease in the average sample length. The
barreling of samples in range I is due to the frictional constraints
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platen interfaces. Away from the sample ends this constrain has
less effect on the radial expansion. The use of lubrication on the
platens ends served to reduce but not eliminate this friction. Bar-
reling is not observed in range II (see Fig. 6 top) because at these
pressures the constraint on radial expansion of the sample along
its length by the pressure is sufﬁcient to prevent the barreling type
of radial expansion. Some of the samples compressed at atmo-
spheric pressure were fractured, i.e. broken into two or more
pieces after compression and unloading. Only one sample com-
pressed above atmospheric pressure in range I was fractured and
no samples compressed in range II were fractured. Most samples
compressed in the low pressure range had narrow white diagonal
surface lines. The signiﬁcance of these is discussed below.
In order to obtain a measure of damage introduced by deforma-
tion at atmospheric pressure (unconﬁned conditions) samples of
PBX 9501, PBX 9404 and PAX 2A in a previous study were com-
pressed uniaxially to a strain in the early part of the stress strain
curve (see curves at 0.1 MPa in Figs. 2 and 5) and then unloaded
and the permanent axial strain noted (Wiegand, 1998). The sam-
ples were then reloaded and the modulus and compressive
strength determined. For maximum strains corresponding to the
early linear part of the stress–strain curve, very little change in
the modulus and only very small permanent strains were ob-
served. The compressive strength was not observed at these
strains. However, the reloaded stress strain curves exhibited a de-
creased modulus and a decreased compressive strength for maxi-
mum strains corresponding to the peak strength and greater. The
decreases of the modulus and the compressive strength and the in-
crease of the permanent axial strain are taken as measures of dam-
age. Several cycles of this load–unload–reload were carried out
with the total axial strain increasing for each cycle. The results
indicate that the modulus and compressive strength decreased
and the permanent (compressive) axial strain increased continu-
ously with increasing total axial strain. In this way quantitative
measures of damage were established in the form of fractional
reductions of the strength and the stiffness (modulus) and in-
creases of the permanent compressive axial strain as a function
of total axial strain. The decreases of the strength and the modulus
are attributed to crack damage introduced by deformation.
(Dienes, 1998; Dienes and Riley, 1998).
In a similar manner EDC37 samples were recompressed once at
atmospheric pressure to determine changes in strength and mod-
ulus in order to quantify damage following conﬁned compression
at elevated pressure. The results are summarized in Table 2. Col-
umn 1 indicates the sample number and columns 2 and 3 give
the conﬁned conditions, speciﬁcally column 2 gives the pressureTable 2
Effect of deformation under pressure on mechanical properties at atmospheric
pressure.
Sample No. Conditions for conﬁned
compression test
Ratio of unconﬁned axial
compression after induced
damagea to unconﬁned axial
compression with no prior
deformation.
Conﬁning
pressure MPa
Maximum
axial strain
Compressive
strength ratio
Initial modulus
ratio
Low pressure range
1 5.50 0.056 0.661 0.353
2 2.75 0.077 0.488 0.353
3 5.59 0.145 0.282 0.120
Higher pressure range
4 69 0.16 1.00 1.12
5 34.5 0.20 0.638 0.741
6 138 0.31 0.780 0.659
a Damage induced through axial compression at hydrostatic pressure.and column 3 the maximum axial strain for compression under
pressure. The results in columns 4 and 5 respectively are the ratios
of strength and modulus to those values for a previously undam-
aged unconﬁned compressed sample. The results for the samples
compressed under pressures in range I, samples 1, 2, and 3, indi-
cate signiﬁcant decreases of both the (unconﬁned) compressive
strength and the initial modulus. These results also indicate greater
decreases for larger maximum axial strains. The decreases of the
compressive strength and initial modulus indicate that these sam-
ples were damaged by the (conﬁned) compression at pressures in
the low pressure range and that the amount of damage increases
with the maximum axial strain.
In contrast to results in range I, the results for the samples com-
pressed under pressures in the higher pressure range, samples 4, 5
and 6 of Table 2, indicate relatively small decreases in the com-
pressive strength and particularly the initial modulus as deter-
mined by compression at atmospheric pressure following
(conﬁned) compression at higher pressures. Thus, there is consid-
erably less damage of this type introduced by compression in range
II than by compression in range I. Note that this is the case
although the maximum strains for the samples compressed in
the higher pressure range, samples 4, 5 and 6, are signiﬁcantly lar-
ger than two of the three maximum strains in the low pressure
range, samples 1, and 2. The results in range II also demonstrate
that damage increases with strain. The results of Table 2 are not
meant to be complete, but rather to suggest trends with pressure
and maximum axial strain. Additional measurements are desirable
as a function of pressure and maximum axial strain. Decreases of
the strength and the modulus at atmospheric pressure following
compression at elevated pressures have also been observed for
PBS 9501, PAX 2A and LX-14.
In the discussion of Fig. 2 it is noted that with increasing pres-
sures in range I there is a signiﬁcant decrease of work softening as
measured by the maximum negative slope of the stress strain
curve. In fact for pressures at and above 2.9 MPa (see Fig. 2) there
is very little work softening measured as the decrease of the stress
in the work softening region of the stress–strain curve at strains
greater than the strain at maximum stress. It is suggested that this
lack of work softening means that either there is negligible damage
due to this deformation or that damage is generated but that work
softening is not observed for other reasons. The results presented
in Table 2, samples 1 and 3 clearly indicate that some damage is
introduced by compression at the higher pressures in range I even
though little or no loss of strength as indicated by work softening is
observed at pressure. Thus, it is concluded that there are other rea-
sons why work softening is not observed. As discussed below work
hardening may take place under the same conditions as work soft-
ening so that the net effect on the stress–strain curve is as ob-
served, i.e. neither work softening nor work hardening.
The results given in Fig. 10 demonstrate the effect on the stress–
strain curve of recompression in range II following initial compres-
sion in this range and stress removal. The stress–strain curve on the
left is typical of the stress–strain response in this pressure range as
shown in Fig. 5. At a strain of about 0.14, Fig. 10, the compression
was stopped by reducing the stress to zero. Following this the stress
was increased again and the sample compressed a second time at
the same pressure and strain rate. The stress strain curve for this
second compression is given on the right side of Fig. 10 starting at
a strain of about 0.13, the permanent strain after the ﬁrst compres-
sion. This stress strain curve has a linear increase of stress with
strain followed by yield and work hardening as does the initial
stress strain curve on the left. However, the yield strength for the
second compression is very signiﬁcantly increased relative to the
value for the ﬁrst compression as indicated by the arrows in
Fig. 10. The yield strength for the ﬁrst compression is 25 MPa while
the yield strength for the second compression is 45 MPa, thus
Fig. 10. Axial stress versus axial strain for a pressure in the higher pressure range.
Left curve- initial compression. Right curve – recompression after reducing the axial
stress to zero. The arrows indicate yield strengths as determined by a 2% strain
offset technique.
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strength is due to work hardening during the ﬁrst compression
and is consistent with the observed amount of work hardening.
Thus, for specimens initially conﬁned at higher pressures, range II,
and compressed, e.g., samples 4, 5 and 6 in Table 2, recompression
at unconﬁned conditions gives a compressive strength comparable
with that of sampleswithout any prior compression, i.e., prior range
II compression does not signiﬁcantly affect compressive strength.
However, (conﬁned) compression at a pressure in range II has a very
signiﬁcant effect on the yield strength as determined by recompres-
sion at the same pressure as shown in Fig. 10.
One sample was subjected to several cycles of compression,
unloading, recompression, etc. at a pressure of 6.9 MPa, a pressure
at the transition between the low and higher pressure ranges (see
Figs. 2, 5 and 7). The results (not shown) indicate that the maxi-
mum stress increased with each recompression but with decreas-
ing increments and appeared to saturate at a total increase of
about 27% compared to a sample compressed without interruption.
The modulus was unchanged by the recompression at 6.9 MPa.
This result suggests that there is some work hardening at
6.9 MPa. However, the results in Table 2 indicate that crack dam-
age which causes work softening is also most probably produced
in this same pressure range. Thus, the stress–strain curve at this
pressure which exhibits neither signiﬁcant work hardening nor
work softening (see Figs. 2 and 5) may be the net result of simul-
taneous work hardening and work softening. The work softening
(attributed to crack processes) and work hardening may take place
in different parts of the composite. Additional work is required to
conﬁrm these results.
It is to be noted that in all cases where samples were recom-
pressed at the same target pressure some decrease in the chamber
pressure occurred between the two stages. This occurred because
of the technique used to prepare the pressure chamber for the sec-
ond compression. While the consequences of this decrease in pres-
sure were not investigated systematically, the results with another
similar material indicate that decreasing the pressure to atmo-
spheric between compression and recompression resulted in sim-
ilar effects as those given in Fig. 10.
The dimensions and densities of all samples were measured at
atmospheric pressure before and after compression. The densities
of most samples were determined by weighing in air and in puri-
ﬁed water and by use of the water density at the temperature of
measurement. However, due to time constraints, the densities of
a few samples were determined only by the weight in air and
the dimensions rather than by water immersion. The dimensionswere determined by measurements at several locations on the
sample and averaging. As noted above the lengths of all samples
after compression are decreased relative to values before compres-
sion so that all have permanent negative (compressive) axial
strains. In addition, the average diameters of all samples after com-
pression are increased relative to values before compression so
that all have positive permanent radial strains. The magnitude of
twice the average positive radial strain is somewhat greater than
the magnitude of the average negative axial strain for all samples,
thus indicating small fractional volume expansions. (These two
quantities would be equal if there were no volume change.) Direct
measurements of the volumes before and after compression by
weighing in water and air conﬁrm this volume expansion. The den-
sity measurements indicate small fractional density decreases
ranging from hundredths of a percent up to about 3.9%. In general
the fractional density changes are much smaller than the fractional
length changes. Although there is a spread in densities changes, the
fractional density changes for the low pressure range tend to be
greater than the fractional density changes for the higher pressure
range. This is true even though the fractional length changes (and
the maximum axial strains) in range I are in most cases smaller
than the length changes (and maximum axial strains) in range II.
This difference is to be expected if cracks are the predominant
damage produced in the low pressure range while ﬂow or plastic-
ity defects are the predominant damage produced in the higher
pressure range.4. Models for the pressure dependence of strength of EDC37
4.1. Coulomb friction model for the low pressure range (range I)
The results indicate that crack damage is produced by compres-
sion with the sample at pressures in the low pressure range (range
I) and that plastic ﬂow and work hardening take place during com-
pression in the higher pressure range (range II). A schematic repre-
sentation of failure strength versus conﬁning pressure is shown in
Fig. 11. The failure strength is taken as the compressive strength in
range I and as the yield strength in range II. For both low and high
pressures the solid straight lines represent the observed failure
strengths, such as shown in Figs. 3 and 7. The solid lines are given
empirically by Eq. (1) in the low pressure range and by Eq. (2) in
the high pressure range. The dashed lines are extrapolations of
the solid lines and are assumed to give the stresses required for
crack damage and plastic ﬂow in pressure ranges where they are
not observed. A measure of the transition pressure between range
I and range II can be obtained by setting the compressive strength
(Eq. (1)) equal to the yield strength (Eq. (2)) and solving for the
pressure. When this is done a value of 6.4 MPa is obtained for
the transition pressure. This value is lower than the value gotten
from range I data. However, as noted above there is considerable
uncertainty in Eq. (2) because of the scatter of the yield strength
data. Thus, there will be considerable uncertainty in the transition
pressure obtained in this way. With the above assumptions regard-
ing the dashed lines it is then clear from Fig. 11 that the stress re-
quired to produce signiﬁcant crack damage is less than the stress
required to produce plastic ﬂow in range I. In range II, conversely,
the stress necessary for plastic ﬂow is less than the stress necessary
for crack damage. These may be written as
rlc < rlp ð3aÞ
and
rhp < rhc; ð3bÞ
where r refers to stress, the subscripts l and h refer to the low
pressure and higher pressure ranges respectively and the subscripts
Fig. 11. Schematic of the failure stresses in the two pressure ranges. Two solid lines
– as observed for the two pressure ranges; dashed lines – extrapolation of the two
solid lines into respectively the other pressure ranges.
Fig. 12. Schematic of stresses for the friction model.
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Other investigators have also reported a change in the failure mode
of composites with increasing pressure, i.e. a change from brittle or
ﬂaw dominated failure at low pressures to yield behavior at higher
pressures (Wiegand and Reddingius, 2005a; Hine et al., 2005; Pater-
son, 1970). A similar explanation for the brittle to ductile transition
in rock with increasing pressure is given by Paterson, 1970.
The results in the low pressure range can be understood on the
basis of a crack friction model developed by Dienes, 1983 and Zuo
and Dienes, 2005. Other authors have also considered the effect of
friction on the mechanical properties of materials (McClintock and
Walsh, 1962; Mavko, 1979; Comninou and Dundurs, 1980; Tian-
Hu and Weishen, 1993; Egami and Kitaoka, 1996; Kovtunenko,
1998. Dienes, 1983 and Zuo and Dienes, 2005) have applied the
concept of coulomb friction forces between closed shear crack sur-
faces as resisting crack growth (Ward and Hadley, 1993). This is
illustrated by the sketch of Fig. 12 (Wiegand et al., 2008a,b,
2009). ra is the applied compressive stress, rap is the applied stress
on a shear plane p, whose normal makes an angle / with the ap-
plied stress direction, and rps and rpn are the components of rap
parallel and perpendicular to the shear plane respectively. These
latter stresses are given in terms of ra and / as
rps ¼ ra Cos / Sin /; ð4aÞ
rpn ¼ ra Cos2/: ð4bÞ
The net shearing stress rsnet on the plane p is then
rsnet ¼ rps  l rpn; ð5Þ
where l is the friction coefﬁcient. And if a hydrostatic pressure P is
applied to the sample in addition to the applied uniaxial stressra,
Eq. (5) becomes Eq. (6a) and by using Eqs. (4a) and (4b) Eq. (6b)
is obtained.
rsnet ¼ rps  lðrpn þ PÞ: ð6aÞ
¼ ra Cos / Sin / l ðra Cos2/þ PÞ: ð6bÞ
Then Eq. (6b) can be rearranged to give
ra ¼ ðrsnet þ lPÞ=ðSin / Cos / l Cos2/Þ: ð7Þ
If Eq. (7) is applied to the maximum of the stress–strain curve, then
rsnet is the shear stress at the maximum. Thus ra increases linearly
with P as observed (Fig. 3) if rsnet is independent of pressure or lin-
early dependent on pressure. The results of Fig. 3 and Eq. (1) indi-
cate that rsnet is independent of pressure for the cases of interest.For rsnet independent of pressure ra increases linearly with pres-
sure with a slope of
slope ¼ l=ðSin / Cos / lCos2/Þ: ð8Þ
It is to be noted that for a given value of P a threshold value of ra for
crack motion can be obtained from Eq. (6b) since rnet must be po-
sitive. This will be considered in detail elsewhere (Wiegand et al., in
preparation).
The angle / is determined by the plane on which the shear
stress, rsnet, is a maximum. By differentiating Eq. (6b) with respect
to / with constant ra, l and P and setting the differential equal to
zero the following is obtained:
Tan2/ 2lTan/ 1 ¼ 0: ð9Þ
And by taking the positive root
Tan / ¼ lþ ðl2 þ 1Þ1=2: ð10Þ
Thus, by measuring the angle /, l can be determined from Eq. (10).
l can also be determined from Eq. (8) using the measured slope of
Fig. 3 and the measured value of /. Note that the angle / is indepen-
dent of P. It is assumed here that the samples are isotropic and thus
that all crack orientations exist.
The angle / can be obtained as the angle that the normal to the
fracture surface makes with the applied stress, ra, direction (see
Fig. 12). However, in many cases fracture was not observed but
white lines on the sample surfaces exist in most cases when frac-
ture did not occur. Fracture was only observed at atmospheric
pressure but the white lines existed at atmospheric pressure and
at some elevated pressures in the low pressure range. These white
lines are taken as the precursors of the fracture surfaces and they
make approximately the same angle with the applied stress direc-
tion as the actual fracture surfaces. Therefore, the angle / has been
obtained from the angle of the fracture surface in those cases
Table 3
Values of the friction coefﬁcient, l, obtained by using various methods.
l Method of determination
0.60 ± 0.03 Slope of Compressive Strength vs. Pressure Curve and the
Angle which the Failure Plane Normal makes with the
Direction of the Applied Stress Eq. (8)
0.66 ± 0.19 The Angle which the Failure Plane Normal makes with the
Direction of Applied Stress – Eq. (10)
>(0.62 ± 0.08) The Ratio of Compressive Strength to Tensile Strength – Eq.
(11)
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in cases where they were observed. The average value is /
= 61.8 ± 3.9. By comparison this angle is 45 when l = 0 (Eq.
(10)). For plastic bonded explosives this angle has been observed
to be greater than 45 in most if not all cases, thus indicating the
general importance of friction. l as obtained from Eq. (8) and as
obtained from Eq. (10) are given in Table 3. The uncertainty in
these values of the friction coefﬁcient are due to the uncertainty
in the measured value of the angle / and the uncertainty in the
slope of the strength versus pressure curve (Eq. 8). The agreement
of these two values of l supports the assumptions made in obtain-
ing (8). l obtained from Eq. (8) is expected to be the dynamic coef-
ﬁcient of friction and the value obtained from Eq. (10) is most
probably also the dynamic coefﬁcient.
Dienes (1983) and Zuo and Dienes (2005) also give a relation-
ship between the friction coefﬁcient, li, Poissons’ ratio, m, and the
ratio of compressive to tensile strength as
Compressive Strengthi=Tensile Strengthi
¼ ð2ð2 mÞÞ1=2 ðl2i þ 1Þ1=2 þ li
 
: ð11Þ
In Eq. (11) the subscript i denotes the threshold values required to
initiate rapid unstable crack growth (Dienes, 1983; Rice, 1984;
Dienes, 1984). It will be shown that Eq. (11) can be applied to deter-
mine the friction coefﬁcient, lslow, that is less than the threshold va-
lue for rapid unstable crack growth, when observing slow crack
growth, such as that in EDC37, i.e.
lslow < li: ð12Þ
Quasi-static uniaxial tensile tests at room temperature demonstrate
that the stress increases initially in an approximately linear manner
with increasing strain to a maximum and then the sample fails in a
brittle fashion by fracture (not shown) (Ellis et al., 2005; Wiegand,
unpublished results). There is very little acoustic emission with
increasing tensile strain until just prior to the maximum stress (Ellis
et al., 2005). This acoustic emission is interpreted as due to elastic
waves generated primarily or at least in part by crack processes
(Ellis et al., 2005). Thus, the results suggest that there is minimal
crack activity until the maximum tensile stress is achieved and that
this maximum stress is the stress necessary to initiate rapid unsta-
ble crack growth. In contrast, during quasi-static uniaxial compres-
sion at room temperature acoustic emission has been observed
throughout the increasing stress part of the stress strain curve,
through the maximum and into the work softening part of the curve
(Ellis et al., 2005), but fracture indicating unstable rapid crack
growth has not been observed in this part of the curve. (See the
stress–strain curves at atmospheric pressure in Figs. 2 or 5). It is
suggested that only slow crack growth (Charles, 1958) occurs dur-
ing the compressive stress–strain curve and that the observed
acoustic emission is primarily or at least in part due to this slow
crack growth. It is further suggested that the damage introduced
by this slow crack growth so weakens the sample that the stress
required for unstable rapid crack growth in compression is not
attained. Rapid unstable crack growth is observed in compression
at low temperature for PAX2A (Wiegand, 1999) and for EDC37(Williamson et al., 2007). However, at 25 C the tensile and com-
pressive stress–strain curves for PAX 2A are very similar to those
of EDC37.
At the higher of the quasi-static strain rates at room tempera-
ture the time available in compression for slow crack growth for
a given range of strain will be much less than the time needed
for the same range of strains at lower strain rates. The damage
introduced by slow crack growth will be less at the higher strain
rates at the same temperature. Thus, the sample will support larger
stresses at the higher rates allowing the stress to increase up to
that required for rapid unstable crack growth and fracture.
Slow crack growth is thermally activated and stress assisted
(Charles, 1958) and does not have an explicit threshold stress. In
contrast, rapid unstable crack growth does have a threshold stress.
Dienes (1998) and Dienes and Riley (1998) used slow crack growth
models without thresholds to obtain ﬁts to Wiegand’s, 2008 uniax-
ial compressive stress–strain data for PBX 9501. In addition Dienes
(1998) was able to obtain a ﬁt to the strain rate dependence of
Wiegand’s results only by introducing slow crack growth into his
model. In simulating the quasi static structural response of
EDC37 (Kalsi et al., in press), the PBX behavior can be predicted
by a low value of threshold stress in the crack growth term. All
of these results support the hypothesis that primarily slow crack
growth and not rapid unstable crack growth occurs in compression
in these composites for the conditions of interest here. The maxi-
mum stress observed in compression, the compressive strength,
is then less that the stress required for rapid unstable crack growth
and this latter stress is not observed for the reason given above.
Returning then to Eqs. (11) and (12) for the case of slow crack
growth, Poisson’s ratio has been found to be 0.42 ± 0.05 for EDC37
in the low pressure range using neoprene shrouds. The ratio of com-
pressive to tensile strengths is 3.2 ± 0.20 for the conditions of this
work (Ellis, 2008). Then lslow obtained from Eqs. (11) and (12) is
listed in Table 3 as a lower limit. The agreement between two of
the values of l, Table 3, as obtained from Eqs. (8), and (10) and the
minimum value as obtained from Eqs. (11) and (12) provide signiﬁ-
cant support for the role of friction in determining the compressive
strength. This is true with or without applied pressure P. Values of
l for three other composite plastic bonded explosives obtained
using Eq. (11) are somewhat close to the values for EDC37.
Themeasured quantities in Eqs. (8), (10) and (11), i.e., the angle/
Eqs. (8) and (10)), the slope of the curve of compressive strength
versus pressure (Eq. (8)), Poisson’s ratio and the ratio of compressive
strength to tensile strength (Eq. (11)) all have some scatter when
plotted versus log strain rate and do not show any consistent trend
(not shown). The data indicates that these quantities are either
insensitive to or independent of strain rate. It is therefore concluded
that the friction coefﬁcient is also either independent of or insensi-
tive to strain rate for the strain rate range covered here. However,
the measured intercepts at P = 0 of the curves of compressive
strength versus pressure, Fig. 3, increase linearly with log (strain
rate) (not shown). This is consistent with the curve at P = 0.1 MPa
in Fig. 4. Since the term 1/(sin / cos /  l cos /2), Eq. (8), shows
no consistent trend with strain rate (not shown), the strain rate
dependence of the intercept is taken as due to the strain rate depen-
dence ofrsnet, Eq. (7). An increase ofrsnet with strain rate is expected
for a viscoelastic material. These results will be discussed in more
detail elsewhere (Wiegand et al., in preparation).
The likely location of cracks in PBX’s due to slow crack growth
also deserves some mention. For the formulations PBX 9501 and
EDC37, at quasi-static strain rates, at temperatures above Tg and
unconﬁned, cracks initiate at and follow the interfaces between
the crystal particles and the binder (Golderin, 1996; Rae, 2000;
Rae et al., 2002a,b; Wiegand and Pinto, 1996). Slow crack propaga-
tion is then mainly along the interfaces because of the high particle
volume fraction. Rae et al. (2002a,b) observed that the interfacial
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unstable crack growth has been witnessed at temperatures below
the binder Tg (Williamson et al., 2007) and at high strain rates
(Wiegand, 2003). In this case the fracture path is trans-granular,
with microscopic images showing particle fractures (Williamson
et al., 2007). However, rapid unstable crack growth has not been
observed in compression for EDC37 for the conditions of the work
of this paper and microscopic studies have not been carried out fol-
lowing compression under conﬁnement. Therefore, it is likely that
for the low conﬁning pressures of range I and temperatures above
Tg, axial stress will cause slow crack growth at the binder crystal
interface as observed without conﬁnement. These cracks are sup-
pressed by the effect of conﬁnement and will tend to close as pres-
sure increases, and so this type of crack growth (de-bonding) will
be less extensive at higher pressures. When the conﬁning pressure
is sufﬁciently large (range II) at quasi-static rates and temperatures
above Tg, interface de-bonding will not initiate and plastic ﬂow
will take place. If the cracks in range I are primarily between the
binder and the explosive as suggested here, then the friction coef-
ﬁcient obtained for range I is due to friction between the binder
and the particles.
Because there is friction between crack surfaces associated with
crack motion, there will be heating of the crack surfaces. This raises
the possibility of ignition of reaction at crack surfaces because of
this heating. Zuo and Dienes (2005) have presented evidence for
reaction at cracks surfaces taken from the work of Howe et al.
(1985). These latter investigators impacted artillery shells contain-
ing TNT and afterwards polished TNT surfaces to reveal cracks. In
particular, several cracks exhibited evidence of reaction along the
crack length, thus giving support to the hypothesis of ignition
due to frictional heating at the crack surfaces. In addition, Dienes
et al. (2006) have calculated particle velocity versus time curves
which are very similar to observed curves of Mulford et al.
(1993) for PBX 9501 subjected to multiple shocks. Dienes et al.
(2006) used a model in which frictional heating in shear cracks
raises the local temperature and pressure sufﬁciently to initiate
reaction. Both of these works indicate the very practical impor-
tance of friction between the surfaces of cracks in explosives. The
role of friction between external surfaces of explosives in initiation
has been considered by Fields and associates (see for example
Fields et al., 1982).
4.2. Higher pressure range (range II)
At higher conﬁning pressures (range II), quasi-static strain
rates and temperatures above Tg, the physical appearance of
specimens following compression is of uniform right circular cyl-
inders with reduced lengths, increased radii and no visible signs
of cracking. After compression in this high pressure range, spec-
imens’ at atmospheric pressure exhibit unconﬁned strengths
comparable to previously uncompressed specimens (see Table 2),
thus suggesting that minimal cracking has occurred during the
high pressure compression. Therefore, in range II, the formation
of cracks is suppressed and plastic ﬂow takes place. The change
which does occur increases with increasing strain and enhances
the yield strength (work hardening). A transition from brittle like
behavior at low pressures to ductile behavior at high pressure
takes place. Some results and theories are now considered which
can potentially explain these observed phenomena in range II.
Since plastic ﬂow and work hardening take place in Range II it
is of interest to know whether these phenomena take place pri-
marily in the binder, in the explosive or in both. Results from
SANS and SAXS (small angle neutron scattering and small angle
X-ray scattering) studies give insight into these questions
(Trevino and Wiegand, 1998, 2008). Flat circular discs with as-
pect ratios of thickness to diameter of about 0.1 of the formula-tions PBX 9404, PBX 9501, PBX 9502 and PAX 2A (see Table 1)
were compressed normal to the planes of the discs under similar
conditions of temperature and strain rate to the compressions
considered in this paper for EDC37 (Wiegand and Reddingius,
2005a,b). In this case the stress–strain curves are similar to those
of Fig. 5 for Range II. In addition, there is no visible surface crack-
ing except close to the periphery and the samples are plastically
deformed so that the radii are increased and the thicknesses are
decreased but the disc shape is retained. It is concluded that the
samples were deformed under conﬁned conditions, the conﬁne-
ment being due to the sample shape and the friction between
the ﬂat disc surfaces and the platens (Wiegand and Reddingius,
2005a,b). Cracking occurred only near the periphery where the
conﬁnement is less.
The neutron and X-ray scattering from SANS and SAXS are
caused by discontinuities at the binder explosive, pore binder
and pore explosive interfaces and a measure of the speciﬁc interfa-
cial areas (area per unit volume) is obtained. By comparing the
scattering from un-deformed and deformed samples a measure
of the changes in these areas due to the deformation was obtained.
The predominant change for all four materials is a signiﬁcant in-
crease in the binder explosive speciﬁc surface area. This increase
is interpreted as due to fracture of the explosive particles and ﬂow
of the binder to cover the new fracture surfaces (Trevino and
Wiegand, 1998, 2008). Plastic deformation of the explosive parti-
cles which increases the surface area followed by ﬂow of the binder
to cover this new surface area would produce the same effect.
Other approaches must be used to distinguish between these two
processes to increase the explosive binder interfacial area. How-
ever, because many brittle materials become ductile under pres-
sure, plastic deformation of the explosive particles may be more
probable. There could also be plastic deformation followed by
cracking. In any case ﬂow of the binder takes place. Changes in
the pore interfacial surface areas are much smaller than the
changes in the binder explosive surface areas. Thus, these results
indicate that plastic ﬂow takes place in the binder and further that
the explosive is brittle and fractures or is ductile and plastically
ﬂows or both during conﬁned loading. The results also indicate
that if there is fracture of the explosive particles this fracture does
not lead to extensive long range cracking for these conditions of
conﬁnement.
When the conﬁnement is decreased by increasing the sample
thickness without changing the diameter, the stress–strain
behavior becomes similar to that of Range I of this work (Wie-
gand, 1998; Wiegand and Reddingius, 2005a). Therefore, conﬁne-
ment and changes in conﬁnement produce the same general
effects for the work of Trevino and Wiegand, 1998, 2008 and
the work reported here. It is therefore not unreasonable to con-
clude that the same types of damage occur in both cases. Thus,
in EDC37 slip most probably occurs by plastic ﬂow in the binder
and is accompanied by plastic ﬂow and/or fracture of the explo-
sive particles.
Although these scattering studies were not carried out for
EDC37 similar results can be expected for this material. EDC37,
PBX 9404, PBX 9501 and PAX 2A all have the same solid explosive
and although the binders are not the same, all have glass transition
temperatures which are signiﬁcantly below 22 C, the temperature
during deformation (see Table 1). Thus all binders are in the rubber
state during the conﬁned compressions and so some plastic ﬂow
can be expected.
If plastic deformation of the explosive particles is a signiﬁcant
effect in EDC37, then it is important to consider the details of
how this can occur. For geological materials at high conﬁning
pressure, crystal plastic deformation can occur by twinning and
at grain contacts leading to contact ﬂattening, compaction, re-
duced porosity and strengthening of the initial aggregate. For
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anisms are operating at high conﬁning pressures, ﬂow may take
place by the movement of dislocations in the HMX crystals,
through slip. The process of contact ﬂattening would signiﬁ-
cantly increase strength and stiffness of the material, which is
consistent with the observations (Rossi et al., 2007; Leppard,
1999)
Possible non friction reasons for the pressure dependence of the
stress–strain curves, e.g., the initial slope or modulus and the ﬂow
stress (yield strength) in terms of ﬁnite elastic strains, collapse of
voids, changes in the glass transition temperature and the relative
contribution of the binder and the explosive in PBS9501 are given
by Wiegand and Reddingius (2005a). These are primarily related to
rage II.
5. Summary and Conclusions
The results for EDC37 indicate the material behavior in two
pressure ranges with some different properties. These two pres-
sure ranges are considered separately and are as follows: a low
pressure range between 0.1 MPa and approximately 7.0 MPa and
a higher pressure range between about 7.0 MPa and 138 MPa.
The major distinguishing features of these two pressure ranges
are: (1) The pressure dependence is much stronger in the low pres-
sure range, e.g. the pressure dependence of the strength is about a
factor of 40 greater in the low pressure range than in the higher
pressure range; (2) work softening is observed in the low pressure
range but work hardening is observed in the higher pressure range;
(3) surface cracking is observed in the low pressure range but not
in the higher pressure range; and (4) the results indicate that the
damage introduced by compression in the two pressure ranges
are considerably different. Compression in the low pressure range
produces crack damage which signiﬁcantly decreases both the
compressive strength and initial modulus as observed at atmo-
spheric pressure, while compression in the higher pressure range
produces only small changes in these two quantities. In contrast,
compression in the higher pressure range produces changes
through work hardening which signiﬁcantly increases the yield
strength at that pressure.
The strength increases continuously with increasing pressure in
both pressure ranges. A linear increase of the compressive strength
with increasing pressure in the low pressure range is attributed to
the effect of coulomb friction between the surfaces of closed shear
cracks. These cracks are likely to follow the particle-binder inter-
face. The slope obtained from this linear relationship is propor-
tional to the friction coefﬁcient and is also dependent on the
failure angle, the angle which the failure plane, the plane of max-
imum shear stress, makes with the loading direction. The results
support the theoretical work of Dienes (1983) and Zuo and Dienes
(2005). These authors also predict a relationship between the fric-
tion coefﬁcient and the failure angle. The friction coefﬁcient ob-
tained from the slope of the strength versus pressure curve and
the failure angle is in substantial agreement with the value ob-
tained from the failure angle alone. In addition, these authors pre-
dict a relationship between the friction coefﬁcient and the ratio of
compressive strength to tensile strength at atmospheric pressure.
A lower limit on the value of the friction coefﬁcient has been ob-
tained from this relationship which is in agreement with the other
values noted immediately above. This agreement of friction coefﬁ-
cients obtained from the three different relationships is taken as
strong support for the role of friction in the mechanical properties
of this composite.
Mechanisms for failure in the higher pressure range have been
discussed in which plasticity and fracture of the crystalline explo-
sive and viscous ﬂow of the binder with subsequent movement of
crystal particles are likely contenders. The observations of workhardening, the attendant increase in yield strength, insigniﬁcant
cracking and large dimensional changes are consistent with these
postulates. Further work is required in this area to prove or dis-
prove these postulates.
It is suggested that the transition from failure due to cracking
and debonding processes in range I to failure due to plastic ﬂow,
etc. in range II occurs because the stress required for crack pro-
cesses is less than the stress required for plastic ﬂow or viscous
processes in the low pressure range. However, the pressure depen-
dence of the stress required for crack processes is much greater
than the pressure dependence of slip processes. Therefore, at high-
er pressures the stress required for crack processes is greater than
the stress required for slip or ﬂow processes and hence these pro-
cesses dominate.Acknowledgement
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